Abstract. Tree radial growth and seedling establishment of Nothofagus pumilio at alpine treeline near 40Њ S latitude in Chile and Argentina show time-and site-dependent relationships to interannual-and decadal-scale climate variation. Six treelines were sampled at two spatial scales corresponding to regional and local climates. A shift in climate from cool-wet to warm-dry conditions facilitated comparison of climate-vegetation relationships during two distinct periods : 1957-1976 and 1977-1996. For each treeline, tree radial growth and seedling establishment were correlated against monthly and seasonal temperature, precipitation, moisture availability, and two indices of El Niñ o-Southern Oscillation (ENSO): southern oscillation index (SOI) and sea surface temperature (SST). Four key aspects of climatic influences on N. pumilio radial growth and seedling establishment were as follows.
INTRODUCTION
According to the traditional paradigm, low temperature limits the elevation of altitudinal treelines. At the global scale, treeline elevations have been characterized as ''climatically equivalent,'' correlating with a mean temperature of the warmest month of 10ЊC (Daubenmire 1954 , Wardle 1971 . Several hypotheses have been proposed to explain the processes and mechanisms that underlie this correlation (reviews by Tranquillini 1979 , Stevens and Fox 1991 , Slatyer and Noble 1992 , Kupfer and Cairns 1996 , Kö rner 1998 , but thermal regime remains the mostly likely explanation of global treeline elevations (Kö rner 1998, Jobbágy and Jackson 2000) . Consistent with this explanation, altitudinal treelines are generally expected to rise in response to global warming (Innes 1991) . Upslope advance of treelines due to increased seedling density, increased tree growth rates, and changes in growth forms from krummholz to erect stems have been doc- 1 Present address: Department of Geography, University of British Columbia, 217-1984 West Mall Vancouver, British Columbia, Canada BC V6T 1Z4. E-mail: daniels@geog.ubc.ca umented at several treelines in the northern hemisphere during recent decades (reviews by Brubaker 1986 , Graumlich 1994 , Rochefort et al. 1994 ). These changes in treeline structure and position have often corresponded with increased temperature and, collectively, have been attributed to global climate change (Innes 1991) .
Despite the broad-scale constraints on treelines imposed by global-scale thermal trends, factors other than temperature influence treeline elevation and structure at fine spatial scales. Regional-to local-scale factors are particularly important in mountainous terrain, where topographic effects modify coarse-scale climate trends (Luckman and Kavanagh 1998) . Specifically, in dry environments, low moisture may override the influence of low temperature at high elevation (Holtmeier 1994) . In such environments, warmer temperatures increase moisture stress, causing a drought effect that is exacerbated on warm-aspect slopes and sites with poor soil moisture-holding capacity (Fritts 1976 , Graumlich 1991 . For example, moisture stress has been shown to limit seedling establishment (Hessl and Baker 1997, Lloyd 1997) and tree growth at some altitudinal treelines (Jacoby and D'Arrigo 1995 , Barber et al. 2000 , Lloyd and Fastie 2002 . Such regional-to local-scale climate factors may obscure or reverse vegetation pat-terns and trends expected based on assumptions about the importance of temperature control over tree growth.
At 40Њ S in northern Patagonia, Nothofagus pumilio dominates altitudinal treelines along a steep precipitation gradient from the wet western side of the Andes in Chile to the dry eastern side of the Andes in Argentina. This spatial distribution provides an opportunity to compare the influence of contrasting regional climates on the dynamics of altitudinal treelines. Global circulation models predict increased growing-season temperatures in northern Patagonia as a result of global climate change (Kattenberg et al. 1996) . Based on the traditional treeline paradigm, we may anticipate increased seedling establishment and radial growth, changes in growth form from krummholz to erect trees, and advance of the treeline elevation under the influence of warmer climate. These predictions assume that warm temperature is favorable to both tree radial growth and reproductive success. We tested this assumption by simultaneously examining two mechanisms of N. pumilio population change, tree radial growth rates and seedling demography. Specifically, our research addressed the following questions. How do variations in tree radial growth and seedling age structure relate to interannual climate variation? How do relationships between climate and radial growth or seedling establishment differ between climate regions or vary through time?
We used a spatio-temporal sampling framework to test the hypothesis that low temperature limits N. pumilio krummholz radial growth and seedling establishment against the alternative that low moisture availability is limiting. We sampled at two spatial scales to test for influences of regional and local climates. We compared cool-wet vs. warm-dry regional climates by locating study areas west and east of the Andes at 40Њ S. Within study areas, we sampled north-and southfacing slope aspects to represent warm-dry and coolwet local climates, respectively. Two climatically distinct 20-year periods, 1957-1976 and 1977-1996, were analyzed to determine whether climate-N. pumilio relationships were stable in time.
STUDY AREA
The three study areas, Antillanca Valley (40Њ47Ј S, 72Њ12Ј W) in Puyehue National Park, Chile, and Cerro Bayo (40Њ44Ј S, 71Њ37Ј W) and Challhuaco Valley (41Њ15Ј S, 71Њ18Ј W) in Nahuel Huapi National Park, Argentina, lie across the axis of the Andes in northern Patagonia (Fig. 1) . Within the study areas, mountain peaks are generally between 2000 and 2700 m above sea level. The landscape was strongly influenced by Pleistocene glaciers and Holocene volcanic eruptions (Veblen et al. 1977 (Veblen et al. , 1996 . Soils have developed from volcanic ash.
The high-elevation forests are composed of erect, single-stemmed Nothofagus pumilio, N. betuloides, or N. dombeyi, with the latter two species decreasing in importance with increasing elevation (Veblen et al. 1996) . Krummholz forms of N. pumilio, with some N. antarctica and N. betuloides, dominate the treeline ecotone (Daniels and Veblen 2003a, b) . N. pumilio dominated the treeline at all three study areas and was the focus of this research.
The study areas were selected to represent regional differences in climate west and east of the Andes. The prevailing westerlies and orographic influence of the Andes create a dramatic west-to-east precipitation gradient. Mean annual precipitation for 1991 to 1997 was 3661 Ϯ 457 mm at Aguas Calientes (40Њ37Ј S, 72Њ08Ј W, 475 m a.s.l.), located 25 km from the Antillanca study area in Chile, but only 825 Ϯ 202 mm at the Bariloche airport (41Њ09Ј S, 71Њ16Ј W, 825 m a.s.l.), located 25 km from the Challhuaco study area in Argentina. Accumulation and duration of the snow pack and regional temperatures indicate a more continental climate at the Argentine study areas than at Antillanca in Chile (Daniels 2000, Daniels and .
During recent decades, temporal variations in climate show contrasting temperature trends but similar precipitation trends west and east of the Andes near 40Њ S (Daniels and Veblen 2000) . When temperature and precipitation are combined into a moisture index, contrasting trends for Chile and Argentina are evident. In Chile, temperatures were high and moisture availability was low from 1928 to 1962. In 1963, coincident with a shift to below-average temperatures, moisture indices became positive. The recent cooling trend in Chile is an anomaly in the Pacific climate sector, where temperature departures have generally been positive since 1977 (Graham 1994 (Graham , 1995 (Mantua and Hare 2002) . Following 1976, there was an increase in the relative importance of El Niñ o years (negative phase of the Southern Oscillation, SO) compared to La Niñ a years (positive phase of the SO), which is linked with marked changes in regional climates worldwide (Zhang et al.1997, Garreaud and Battisti 1999) . In our study, we exploited the striking change in the regional climate of northern Patagonia from cool-wet to warm-dry conditions to compare climate-vegetation relations during two climatically distinct periods : 1957-1976 vs. 1977-96 .
METHODS

Field sampling
We sampled 27 transects located at treeline, 10 at Antillanca, Chile, seven at Cerro Bayo, Argentina, and 10 at Challhuaco, Argentina. Because local disturbance may confound the influence of climate on treeline struc- ture (Daniels and Veblen 2003b) , transects were located at treelines that extended to the highest elevations in each study area and showed no evidence of recent disturbance by mass movements or snow avalanches. Within each study area, transects were located on slopes with contrasting warm and cool aspects.
Transects varied in length from 15 to 150 m and each consisted of 5 ϫ 5 m contiguous quadrats that extended from erect forest, through the ecotone dominated by trees with krummholz growth forms, to treeline. In each quadrat, up to 10 small seedlings (height Յ 10 cm) and six large seedlings (height 11-130 cm) of Nothofagus pumilio were randomly sampled. The small seedlings were uprooted. Cross-sectional disks were cut from the base of the stem of the large seedlings. At or near treeline in each transect, five krummholz trees (height 130-200 cm) were cut at the base. When possible, these samples were from individuals with single erect stems.
Samples from individual transects were grouped by study area and slope aspect to maximize sample sizes. The resulting six ''study sites'' represented a moisture gradient that reflects both the west-east precipitation gradient created by the Andes range and the local climate differences between slopes of contrasting aspect. From wet to dry they were: Antillanca South (i.e., south-facing slope at Antillanca, Chile), Antillanca North, Cerro Bayo South, Cerro Bayo North, Challhuaco South, and Challhuaco North.
Radial growth of krummholz trees
Cross-sectional disks from the krummholz trees were sanded with successively finer sand paper to 600 grit (Stokes and Smiley 1968) . The ring widths of one radius were measured to the nearest 0.01 mm and were statistically crossdated using the COFECHA program (Holmes 1986 ). Standard and residual ring-width chronologies were produced using the ARSTAN program (Cook and Holmes 1986 ) by single de-trending with a horizontal line and by double de-trending using a straight line or exponential curve followed by a cubic spline with a weighting factor of 40 years. Descriptive statistics calculated for each chronology included the percentage of missing rings, mean sensitivity, and the common variance among trees in each chronology (Fritts 1976, Briffa and Jones 1990) .
Climate-growth relationships were tested using correlation function analysis of the tree-ring indices from the residual chronologies (cubic spline standardization) against climate data (Fritts et al. 1971 , Fritts 1976 , Blasing et al. 1984 . A correlation function is the series of correlation coefficients between a tree-ring chronology and each of several sequential climatic variables. Correlation function analysis was chosen over response function analysis (a form of multiple regression) because comparisons of both approaches have shown that in response function analysis, subjective decisions of allowing higher order transformations of variables to enter response functions sometimes lead to spurious results (Blasing et al. 1984) . Furthermore, correlation functions are harder to alter subjectively than are response functions, are easier to replicate, and are more easily understood (Blasing et al. 1984) . In this approach, a principal components analysis ensures that the climate variables are orthogonal; then, the principal components are regressed against the tree-ring indices to produce correlation coefficients. Climate data included regional records of temperature and precipitation for mid-latitudes in Chile and Argentina, calculated as monthly departures from the mean (Daniels and Veblen 2000) . Regional moisture indices were computed as the difference between the precipitation and temperature departures (positive or negative standard deviations) for each month. The monthly departures were averaged to provide seasonal departure records for each climate variable in each region. Seasons followed Kiladis and Diaz (1989) : fall included March through May; winter, June through August; spring, September through November; and summer included December through February of the following calendar year. Monthly and seasonal data were used to evaluate the climate of the growing season in which each tree ring was formed (year 0) and the year prior to ring formation (year Ϫ1).
El Niñ o-Southern Oscillation (ENSO) significantly influences interannual to decadal climatic variability in northern Patagonia (Daniels and Veblen 2000) and has important influences on ecological processes such as tree establishment, growth, and mortality at the lower treeline or the forest-steppe ecotone near our Argentine study areas , 1998 ). However, indices of ENSO activity do not explain all of the variance in parameters of regional climate in northern Patagonia. Furthermore, given the paucity of climate stations near treeline, it is possible that ENSO influences on climate at treeline may not be fully reflected by climate stations located at lower elevations. Thus, it is important to consider the quantitative relationships of tree growth and other ecological processes to both ENSO indices and instrumental climatic records. We tested for climate-growth relationships using two ENSO indices: the southern oscillation index (SOI) and tropical sea surface temperature in the Niñ o 3 sector (SST). Negative SOI and positive SST anomalies describe warm ENSO conditions. The magnitude of the SOI and SST anomalies determines whether they are manifest as full El Niñ o events that occur at intervals of 2-7 years (Kiladis and Diaz 1989) . Warm ENSO conditions and El Niñ o events generally result in warm, wet weather and dry summers in northern Patagonia. Cool ENSO conditions and La Niña events are associated with positive SOI and negative SST anomalies and generally result in cool, dry weather and wet summers (Daniels and Veblen 2000) . Correlation analysis of radial growth relative to ENSO seasonal data were conducted for year 0, the year preceding (year Ϫ1), and the year following (year ϩ1) ring formation to identify recurring, interannual patterns of climatic variation (e.g., ENSO events) that may influence tree growth.
To determine if the 1976-1977 shift in climate in the Pacific sector influenced tree growth, correlation coefficients between the residual chronologies and each climate parameter (temperature, precipitation, moisture, SOI, and SST) were calculated for two climatically distinct 20-year periods, the cool, wet period (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) and the warm, dry period (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) .
Seedling establishment
For each study site, frequency distributions for the year of seedling establishment were derived from the ages of small and large seedlings. For small seedlings of Nothofagus pumilio (height Ͻ10 cm, n ϭ 939 seedlings), terminal bud scars on the stem were counted to determine age (Puntieri et al. 1999) . The number of scars on each stem was counted twice using a 10ϫ magnifier; when these two counts differed, additional counts were made to verify age. Large seedlings (height 11-130 cm, n ϭ 412) were aged by counting annual rings of thin sections cut from basal disks using a microtome (L. D. Daniels and T. T. Veblen, unpublished manuscript) . Two radii of each thin section were counted and visually crossdated (Yamaguchi 1991) to increase the accuracy of dates assigned to the pith.
Although the aging methods applied in this study were selected because they yielded precise results (L. D. Daniels and T. T. Veblen, unpublished manuscript), absolute accuracy could not be assured because low growth rates of trees in stressful environments often result in partial, locally absent, or missing rings (Fritts 1976) . From the statistically crossdated krummholz ring-width series, it was determined that visual crossdating alone produced accurate results for 60% of the samples. Of the samples, 25% were missing one ring and 15% were missing two or more rings. To account for potential error due to missing rings, the seedling age frequency data for each study site were smoothed using the following algorithm:
( 1) where x is the smoothed age frequency, f is the original age frequency, and t is the year of seedling establishment. This data transformation provided a more conservative frequency distribution for seedling ages that we used in subsequent analyses of establishment in relation to climate variation. Preliminary analysis of the static age distributions from 1957 to 1996 indicated that seedling frequency declined with age, but the curves were not smooth. Variability in the age distributions may be due to interannual variation in seedling establishment, recruitment to the sapling or tree size classes, survival, or mortality, which make interpretations of demographic processes from static age distributions difficult (Veblen 1992 , Johnson et al. 1994 . The steep decline in numbers of seedlings was taken into account by fitting two theoretical distributions, the exponential and power functions, to the seedling age structures (Hett and Loucks 1976) . The distribution with the best fit, determined by statistical significance at the ␣ ϭ 0.05 level, high values of adjusted r 2 , and low standard error, was selected for further analysis of the seedling age structure. The difference between the theoretical age distribution (expected) and observed age distribution provided a time series of departures or residuals from the smooth depletion curve (Szeicz and MacDonald 1995) . These ''seedling residuals'' were a relative measure of the number of seedlings that established and survived to 1996.
The influence of climate on seedling establishment was tested using correlation function analysis (Fritts et al. 1971 , Fritts 1976 ) between the seedling residuals and climate (temperature, precipitation, moisture, SOI, and SST). Tests were repeated for the year of seedling establishment, as well as one year prior to and one year following establishment. The climate parameters and time periods were the same as those described for the analysis of climate-growth relationships of the krummholz trees.
RESULTS
Krummholz radial growth
Six ring-width chronologies were 55-104 years long with series intercorrelations of 0.34-0.50 (Fig. 2, Table  1 ). Except for Antillanca North, mean sensitivity decreased along the moisture gradient from the wettest site, Antillanca South, to the driest site, Challhuaco North. Similarly, and Lara et al. (2001) show greater mean sensitivity on high-elevation sites affected by high winds and abundant, persistent snow. The first eigenvector, representing common variance among trees or macroenvironmental influence on radial growth, accounted for 22-42% (32 Ϯ 7.4%, mean Ϯ 1 SD; Table 1) of the variation in each chronology.
The horizontal standardization revealed an increase in radial growth of krummholz trees, indicated by positive tree-ring indices after 1977, at four of six study sites (Antillanca South, Antillanca North, Cerro Bayo South, and Challhuaco North; Fig. 2 ). At the interannual time scale, krummholz radial growth was significantly correlated with ENSO and climate variation during the year of ring formation, but these relationships were unstable through time (Figs. 3 and 4) . During the cool, wet period from 1957 to 1976, radial growth of krummholz trees at the Antillanca sites and Chalhuaco North was positively correlated with SST and negatively correlated with SOI during the year of ring formation (year 0, Fig. 3a) , indicating warm ENSO (El Niñ o) conditions. At mid-latitudes in Chile and Argentina, El Niñ o conditions result in above-average precipitation in spring and warm, dry summers (Daniels and Veblen 2000) that facilitated radial growth of krummholz trees. In general, positive temperature correlations indicated that high growing-season temperatures facilitated tree growth, particularly in summer, when correlations for three of six study sites were significant (Fig. 4a) . The correlation of spring precipitation with tree growth was positive and significant at the two wettest sites at Antillanca, Chile (Fig. 4a) . Summer precipitation was negatively correlated with growth at Antillanca North, Cerro Bayo South, and Challhuaco North, although only the correlation for the latter site was significant (Fig. 4a) . Summer moisture availability was significantly, negatively correlated with growth at the same three sites. These relationships indicated that moisture availability did not limit tree growth; rather, warm summer temperatures associated with warm ENSO conditions facilitated tree growth during the cool, wet period from 1957 to 1976.
Climate-krummholz growth relationships changed with the shift to warm, dry conditions in the mid-1970s. From 1977 to 1996, cool ENSO (La Niñ a) conditions favored krummholz growth (Fig. 3b) . Sites are arranged along a moisture gradient from wet, Antillanca South (top), to dry, Challhuaco North (bottom). Ring-width series were standardized with a horizontal line. The line superimposed on each bar graph indicates the sample size (i.e., the number of tree cores included in each tree-ring chronology in each year). The vertical line separates the two study periods, 1957-1976 and 1977-1996. Chile, tree growth was negatively correlated with SST and positively correlated with SOI during the year of ring formation (year 0; Fig. 3b ). For the four Argentine study sites, correlations with the ENSO indices were weak or inconsistent between sites (Fig. 3b) , but correlations with climate variables were consistent with La Niñ a conditions (Fig. 4b) . In general, tree growth was favored by low growing-season temperature and high precipitation and moisture availability in summer. Spring and/or summer temperatures were negatively correlated with tree growth at all six sites (Fig. 4b) ; the negative summer correlations were statistically significant at Antillanca North and Challhuaco North. Positive correlations for summer precipitation indicated that growing season rainfall facilitated tree growth east of the Andes in Argentina. Except for the wettest site, Antillanca South, correlations between summer moisture availability and tree growth were positive and statistically significant at Cerro Bayo South and Challhuaco North (Fig. 4b) . These correlations illustrate the limiting effect of summer moisture availability at these high elevation-sites and demonstrate that summer moisture deficits were detrimental to krummholz growth during the warm, dry period between 1977 and 1996.
Seedling establishment
Seedling abundance at the driest site, Challhuaco North, was insufficient to derive an age frequency distribution. The distributions for the other five sites illustrated interannual and decadal variability (Fig. 5) . Departures from the theoretical negative exponential and power models indicated that seedling establishment and survival varied through time and between sites. Common trends included lower than expected seedling frequencies in 1995 and 1996. Seedling frequency generally was lower than expected since about 1980 at Antillanca, Chile and between 1978 and 1986 at the Argentine sites.
Variation in seedling establishment was significantly correlated with ENSO and climate variation during the year of seedling establishment and one year following establishment, but these relationships differed west and east of the Andes and through time. At Antillanca, Chile from 1957 to 1976, high seedling frequency was consistently positively correlated with spring and summer precipitation, although relationships were not significant (Fig. 4c) . From 1977 to 1996, seedling frequency was positively, and often significantly, correlated with spring and fall precipitation and moisture availability (Fig. 4d) . The positive spring moisture correlations were determined by significant relationships in October, and the strong positive fall moisture correlation at Antillanca South was determined by the significant correlation in March (Fig. 6 ). Correlations were negative during the intervening summer season (Fig.  4d) , due to significant negative moisture availability during February (Fig. 6) .
At the three Argentine sites, low temperatures and high moisture availability facilitated seedling establishment throughout the 40 years analyzed (Fig. 4c, d) . However, the season in which seedling abundance and climate were most strongly correlated shifted between 1905-1997 1936-1997 1894-1997 1915-1997 1899-1997 1942-1997 § Mean sensitivity is the relative change in ring-width from year to year, calculated as the absolute difference between adjacent ring-width indices divided by the mean of the two indices (Fritts 1976) .
First-order autocorrelation reported as the serial correlation coefficient for the chronology at a lag of one year. ¶ Percentage of common variance among ring-width series explained by the first principal component. 1957 -1976 and 1977 -1996 . From 1957 to 1976 , years of high seedling frequency corresponded with strong La Niñ a conditions, as indicated by positive correlations with SOI and negative correlations with SST that were statistically significant at two of three sites (Fig.  3c ). Cool and wet summers facilitated seedling establishment (Fig. 4c) . Seedling frequency was negatively correlated with summer temperature and positively correlated with summer precipitation and moisture availability, although correlations were significant only at Cerro Bayo North.
In Argentina from 1977 to 1996, seedling establishment corresponded with weak El Niñ o conditions that switched to La Niñ a conditions in the fall (Fig. 3d) . The inverse correlation between temperature and moisture availability was evident during spring (positive temperature and negative moisture correlations) and fall (negative temperature and positive moisture correlations; Fig. 4d ). Weak correlations with moisture availability during summer (Fig. 4d) were due to variation between months in the same season, particularly contrasts between strong positive correlations in December and significant negative correlations in February (Fig. 6 ). Significant, low moisture availability in February (Fig. 6) was consistent with warm, dry summer El Niñ o conditions at mid-latitudes in Argentina. Strong negative correlations with fall temperature and positive correlations with moisture availability (Fig.  4d) were determined by significant relationships during March (Fig. 6) . The shifts to cooler temperature and increased moisture availability were consistent with fall climate associated with La Niñ a conditions (Daniels and Veblen 2000).
DISCUSSION
Understanding climatic influences on Nothofagus pumilio growing at treeline at mid-latitudes in Chile and Argentina has proven complex. Temperature and moisture availability have significant influences on tree radial growth and seedling establishment at treeline, but neither the traditional temperature paradigm nor moisture availability explains treeline dynamics adequately for all sites or during both warm-dry and coolwet periods. Rather, temperature and precipitation interact and climate relationships have been unstable through time and among study areas (Table 2) . Moreover, krummholz radial growth and seedling demography have responded to climate variability differently. Four key aspects differentiate climatic influences on N. pumilio radial growth from its influences on seedling establishment. (1) The relationships of radial growth to temperature variation were nonlinear. (2) Moisture availability was the dominant climatic factor influencing seedling establishment, although temperature-precipitation interactions resulted in variability among study areas. (3) Radial growth of krummholz and seedling demography responded differently to interannual climate variation. (4) The relationships of krummholz radial growth and seedling demography with climate and ENSO differed among study areas and have been unstable over the past 40 years.
Krummholz radial growth
Recent dendroclimatic research of Nothofagus pumilio over a more extensive range of regional climates shows moisture-related trends that concur with our interpretation that temperature and precipitation interact to have significant influences on treelines in northern Patagonia. Lara et al. (2001) showed that radial growth of N. pumilio was positively correlated with precipitation and negatively correlated with temperature at xeric treeline sites, north of our study area at 36-39Њ S. They attributed the inverse correlation of radial growth with temperature to increased evapotranspiration and decreased water availability with high temperature under the influence of a dry regional climate. In contrast, at a mesic site near 41Њ S, showed that radial growth of N. pumilio was positively correlated with temperature. This relationship was enhanced at high elevation, indicating that low temperature limits tree growth at mesic altitudinal treelines where soil moisture availability is not limiting. 1957-1976 and 1977-1996 . Dots indicate statistically significant correlations at the ␣ ϭ 0.05 level. Sites are arranged along a precipitation gradient from wet (Antillanca South, top) to dry (Challhuaco North, bottom). We anticipated contrasting climate-growth relations west and east of the Andes, given the wet-to-dry precipitation gradient, but we observed little difference in climate-growth relationships between our Chilean and Argentine study sites. Rather, temporal variation in climate-growth relationships was analogous to the northsouth spatial trends described by Lara et al. (2001) and . Under mesic climatic conditions (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) , warm temperatures favored radial growth of N. pumilio; under xeric conditions (1977-1996) , warm temperatures were limiting. The paradox that warm temperature both facilitated and hindered growth is explained by considering the factors limiting radial growth of krummholz trees through time. Under the influence of a cool, wet climate during 1957-1976, low temperatures limited radial growth of krummholz trees at most sites (Fig. 4a) . With the shift to warmer climate in 1977, the limiting effect of low temperature was relieved and the tree growth rates generally increased (Fig. 2) . Increased krummholz growth rates since the mid-1970s are consistent with growth patterns of N. pumilio at other mid-latitude sites in Argentina (Villalba et al.1997 ) and at high latitudes in Chile (Aravena et al. 2002) . However, the high temperatures, combined with below-average precipitation west and east of the Andes, have had an additive effect reducing moisture availability. Under the influence of prolonged dry climate, the factors limiting krummholz growth switched to high temperatures and low moisture availability (Fig.  4b) . Evidently, the temperature-growth relationship is not linear, because temperature has an inverse effect on moisture availability. 
Seedling establishment
Temporal and spatial patterns of seedling distribution indicated that seedling establishment was significantly influenced by moisture availability. During both the 1957-1976 and 1977-1996 periods, seedling frequency was limited by low moisture availability, corresponding with years of low precipitation at Antillanca, Chile and with years of high temperature at the Argentine study areas (Fig. 4c, d ). Low moisture availability has been shown to limit seedling establishment at some altitudinal treelines in dry environments (Weisberg and Baker 1995a , b, Hessl and Baker 1997 , Lloyd 1997 , Lloyd and Graumlich 1997 . Similarly, Nothofagus pumilio seedlings in subalpine forests in northern Patagonia, Argentina are susceptible to drought (Heinemann et al. 2000) . The absence of seedlings on northfacing slopes at Challhuaco emphasized the confounding, negative effects of high temperature and low moisture availability on N. pumilio seedling establishment and survival in dry, local environments. Our results in Chile were unexpected, given the abundance of precipitation at Antillanca, but are explained by the low moisture-holding capacity of the coarse, volcanic soils (Veblen et al. 1977 ) that resulted in low moisture availability to seedlings.
Monthly climate-seedling relationships indicated the importance of moisture for seedling survival through the first growing season (Figs. 4c, d, and 6) . From 1957 to 1976, when climate was generally cool and wet, moisture availability was most critical in the summer months of December, January, and February. During the warm, dry period from 1977 to 1996, when cumulative moisture deficits would have been more detrimental to seedlings in late summer and early fall, significant correlations with precipitation and moisture availability shifted to March. At the annual time scale, Heinemann et al. (2000) showed that the survival of N. pumilio seedlings in xeric subalpine forests at Challhuaco depends on high moisture availability during the first growing season following seedling establishment. This relationship appears to be consistent at treeline both west and east of the Andes. Since 1977, the years of high seedling frequency have been followed by La Niñ a conditions, with wet summers (Table 2) .
Krummholz radial growth vs. seedling establishment
At many altitudinal tree lines, the climatic conditions that facilitate seedling establishment are similar to those conducive to radial growth of trees (e.g., Szeicz and MacDonald 1985 , Kullman 1987 , Camarero and Gutiérrez 1999 . However, at altitudinal treeline in northern Patagonia, the climate conditions that facilitated Nothofagus pumilio seedling establishment were distinct and sometimes opposite to the conditions that facilitated radial growth of krummholz trees (Table 2) . For example, from 1957 to 1976, low temperatures limited krummholz radial growth at most sites. High growth rates corresponded with El Niñ o conditions, warm growing season temperatures, wet springs, and dry summers. At the same time, low summer moisture availability limited seedling establishment. Thus, years of high seedling frequency corresponded with La Niña conditions when summer moisture availability was high. The relationships between ENSO indices and krummholz growth and seedling establishment reversed with the shift in climate in the 1970s (Table 2) . From 1977 to 1996, low moisture availability limited krummholz radial growth and seedling establishment. High radial growth corresponded with La Niñ a conditions in which summer temperatures were cool. In contrast, moisture availability late in the growing season was important for seedling survivorship. High seedling establishment corresponded to weak El Niño conditions during spring and summer, and then development of wet, La Niñ a conditions during fall.
Treeline dynamics and global climate change
Our results have important implications when considering the potential impacts of future climate on Nothofagus pumilio treelines in northern Patagonia. In particular, the nature of krummholz radial growth and seedling establishment responses to the warm, dry climate since 1977 provide the bases for making three predictions about how N. pumilio treelines may respond to future warming. (1) Radial growth will respond positively to increased temperatures, but beyond a critical threshold, warm temperatures will have a negative influence on growth. (2) In the wetter treeline habitats west of the Andes in Chile, increases in seedling establishment will not occur unless precipitation increases to counter the negative impact of higher temperatures on moisture availability. In the drier habitats of Argentina, seedling establishment may be limited regardless of changes in precipitation, because low moisture availability corresponds with high temperature rather than low precipitation. (3) Interannual variations in climate, such as those associated with ENSO, will continue to be critical influences on tree radial growth and seedling establishment of N. pumilio at treeline. Global circulation models predict increased growingseason temperatures in northern Patagonia as a result of global climate change (Kattenberg et al. 1996) . However, we conclude that a directional increase in temperature will not necessarily stimulate krummholz growth and seedling establishment in the N. pumilio forests growing at altitudinal treeline in northern Patagonia. Predictions of increased seedling establishment, tree growth rates, and, ultimately, an upslope advance of the altitudinal treeline under the influence of warmer climate are not supported.
